The background energy content of a mode-locked Nd-glass laser is determined with photodetectors and saturable absorbers. By comparing the signal height of a fast detector with the readout of an integrating energy meter the noise energy E U2 outside the rise-time of the fast detector is measured. The background energy E Ul within the rise-time is analysed by transmission measurements through two subsequent absorber cells. The obtained mean background to pulse energy (and intensity) ratios of (E u jE v ) m = 0.015 ± 0.012 ((/ u l // o L ) m = 1.8 X 10" 4 ± 1.5 X 10' 4 ) and (E U2 /E v ) m = 0.05 ± 0.01 ((/ U2 // 0 L) m = 3 X 10** ± 6 X 10~6) indicate a high degree of mode-locking.
In mode-locked lasers the radiation is concentrated in a train of picosecond light pulses. The efficiency of mode-locking is characterized by the energy content in the train of picosecond pulses compared to the background energy (noise energy) between the pulses. Various techniques were applied to determine the signal to noise ratio of picosecond pulse trains. By overexposing fast photodetectors the background signal outside the pulse width of an oscilloscope-detector system could be displayed [1, 2] . The contrast ratio of two-photon fluorescence traces was used as an indication of the mode-locking quality [2, 3] . The efficiency of third harmonic generation [4, 5] , of threephoton fluorescence [2, 6] and of four-photon parametric interaction [7] allowed the calculation of the background energy content. The transmission of picosecond pulse trains through saturable absorbers of various thickness [8] was applied to estimate the peak pulse intensity and the beam noise level. A direct measurement of the pulse duration and of the background energy was carried out with a picosecond streak camera [9] . The limited dynamic range reduced the background intensity resolution in the region following the intense picosecond pulse.
In this letter we describe a new technique to monitor the background energy content between two successive picosecond pulses. The background energy content E u2 outside the risetime t x of a fast photodetector-oscilloscope system is measured by comparing the signal heights of a fast detector with that of an integrating detector. The detectors are calibrated by removing the background energy with a saturable absorber of low small signal transmission TQ. The background energy E u ± within the integration time t x of the fast photodetector is analyzed by transmission measurements through two bleachable dye cells in series. In the first cell the energy transmission is reduced by background absorption, while the input into the second cell is nearly free of background and a higher energy transmission results. A comparison of the energy transmission allows to determine the background content.
The situation is illustrated in fig. 1 . The separated part of the pulse train with duration t s = 10 ns (equal to the cavity round trip time) is shown in a semilogarithmic plot in fig. la . As an example it is assumed that the selected part consists of a single pulse of peak intensity 7 0 L anc * of duration Af L = 6 ps (value not resolved in the picture) and a background trace of intensity I U = 6 X 10 -4 7Q L . The integrated laser energy 
^L,tot
= E y + E u may be measured with an integrating photodetector, a detector of slow risetime, or an energy meter. In fig. lc the corresponding oscilloscope trace for a fast photodetector (integration time t x « 500 ps) is depicted. The peak signal height S max is proportional to the pulse energy £ p and the background energy E ul within the time t r The background level S u2 is a factor of twenty lower than the peak value and is hard to distinguish from the baseline in real experiments, i.e. only background energies E u > £p can be resolved.
The background energy content E u2 outside the risetime of the fast detector (period t s -t T ) is given by ^fast * s proportional to the signal height S m2Qi of the fast detector and comprises the pulse energy E^ the noise energy £ ul , and -fast (2) The background energy content E u ± is determined by measuring the energy transmission through two bleachable dye cells with fast photodetectors. The energy transmission = ^niax,out/^max4n through the first cell is determined by the energy transmission of the picosecond light pulse and T$ of the background within the rise-time t r : E p +E ul (3) Solving eq. (3) to E ul leads to
T^l is approximately equal to TQ. The background energy content E u2 outside the rise-time of the fast detector (region t s -t T ) is found by inserting eqs. (2) and (4) into eq. (1).
For small background energies is only slightly larger than and E^/E? is approximately equal to ^/^fast-Assuming homogeneous temporal distribution of the background light, the intensity ratios are found to be and Art . -u2 At, Ep t.
OL
The energy transmission of the single picosecond light pulse (duration At L ) without background is calculated from transmission measurements of the light beam through the subsequent second dye cell. The background energy is reduced in the first cell and is negligibly small in the second cell for proper selected TQ-values of the absorbers. The energy transmission 7)P through the second cell is determined by the picosecond light pulse that passed through the first cell pulses through saturable absorbers is plotted. The curves are calculated using a two-level model for the transient absorption of the dyes as described in refs. [10] [11] [12] . The dye parameters used in the calculations were ground state recovery time r = 9 ps and absorption cross-section a = 1.84 X 10~1 6 cm 2 (Kodak dye solution No. 9860) [13] . Curve 3 represents the energy transmission of picosecond pulses (At L = 6 ps, gaussian shape) through an absorber cell with a low intensity transmission of TQ = 10~~7. A dye solution with this r 0 -value was applied to remove the background signal for the calibration of the detectors. Curves 1 and 2 show the energy transmission 7^J> of gaussian shaped (temporal and spatial) pulses of 6 ps duration through an absorber (first cell in our experiments) with TQ = 0.173 and 0.01, respectively. The transmitted pulses are reduced in intensity, shortened in time, and reshaped.
Part of the energy of these pulses is coupled out for the transmission measurement. Only 76 per cent of the energy of the output pulses enters into a subsequent dye cell of equal small signal transmission. The energy transmission 7^?J> of these pulses versus the input peak intensity to the first cell is shown by the curves l' and 2'. The JJ?j> values (curves l' and 2') are practically equal to the experimentally measured revalues. Due to the background reduction in the first dye cell, we estimate with the aid of eq. (3) In fig. 3 , the energy transmission of the picosecond light pulses through the first absorber 7^j> is plotted versus the energy transmission 7j?j> through the subsequent second absorber (TQ = 0.173 in both cells). The curves 3 (Ar L = 2 ps) and 4 (Af L = 16 ps) show that the ratio T^^/T^l is only slightly dependent on the pulse duration in the region between 2 ps and 16 ps. The absolute transmission at a fixed intensity depends more strongly on the pulse duration [10] [11] [12] . The curves 3 and 4 are calculated for incident gaussian shaped pulses (temporal and spatial). Curve 2 depicts the dependence of 7^j> on 7^j> for an input pulse (At L = 6 ps) of temporal gaussian and spatial truncated gaussian shape (truncation at half the peak intensity value). It is only slightly different from the case of a spatial rectangular and temporal gaussian pulse (see curve 1).
In our experiments we used a mode-locked Ndphosphate glass laser. The mode-locking dye cell was contacted to the 100 per cent mirror of the oscillator to avoid satellite pulses. A single pulse was selected from the pulse train with an electrooptical shutter (opening time = cavity round trip time t s = 10 ns). The selected pulse and the background trace were increased in energy by a laser amplifier. The single pulses had a duration of approximately 6 ps (FWHM) and a spectral width of AP' « 3 Ä (nearly bandwidthlimited). The energy of the pulses behind the amplifier was approximately 2 mJ.
The experimental arrangement for the background detection is depicted in fig. 4 . The dye sample SI with an aperture A into the light path. (Uncertainties due to deviations from spatial gaussian beam profiles are thereby excluded.) Curve 2 of fig. 3 was applied to determine 7^j, from lf]> (7^2 ) is set equal to 7fJ>).
Light pulses with input peak intensities 7 0L > 3 X 10 9 W/cm 2 were used to increase the accuracy of the background detection (large T
1^-values in eqs. (4) and (5)). With the described technique, the background energy content of a laser pulse is obtained in a single shot. In our measurements we found E u i/E v (eq. (4)) in the range between -0.15 and +0.15 and E u2 /E p (eq. (5) . The noise levels 7 ul and 7 u2 seem to be equal within the standard error of the mean. In cases where two pulses were present within r s , the background energy content remained in the same range. This fact indicates that even in modelocking situations where two spikes survive the noise reduction is very effective.
In conclusion we wish to state that the new technique of background detection is accurate and easy to perform. The background energy is determined in a single laser shot. The background energy content may be measured by separating a small part of the laser pulse and focusing the selected part of the beam to indi cate a good quality of mode-locking of the investigated Nd-glass laser system.
